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Abstrat
This is an aount of letures that were given at TASI 2005, the Shanghai Summer Shool in
M-theory 2005 and the Perimeter Institute. I review 1) the derivation of the potential for hiral
salar elds in N=1 supergravity 2) the relation between F and D terms for hiral salars, Weyl
anomalies and the generation of non-perturbative terms in the superpotential and 3) the derivation
of eetive potentials for light moduli in type IIB string theory.
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I. INTRODUCTION
These letures are aimed at giving a logially onsistent aount of reent work on poten-
tials for moduli in string theory. To this end I have tried to give a systemati presentation
of the supergravity formulae that are at the basis of these disussions and to show how these
potentials will arise in string theory (in partiular in type IIB ompatied on Calabi-Yau
orientifolds with D-branes and uxes). The letures are organized as follows:
1. I disuss N = 1 global supersymmetri ations for hiral salar superelds in super-
spae formalism and derive the potential. I motivate the onstrution of the orre-
sponding supergravity ation oupled to hiral salars and derive the F-term potential
for the latter.
2. I disuss the oupling of gauge elds in global and loal supersymmetry and the D-
term ontribution to the potential. In partiular a relation between the F and D
terms is derived. Finally I disuss the issue of Weyl anomalies and the derivation of
the non-perturbative ontribution to the superpotential from gaugino ondensation.
3. I disuss the derivation of potentials for moduli in type IIB supergravity following the
work of Giddings, Kahru and Polhinski, and Kahru, Kallosh, Linde and Trivedi.
Then I disuss how heavy moduli may be integrated out in supergravity theories to
give eetive theories for light moduli.
Setions 1 and 2 depend heavily on two lassi text books, Wess and Bagger [1℄ (whose
notation and onventions I use also) and Gates, Grisaru, Roek and Siegel [2℄. Setion
2. also uses the work of [3℄[4℄. Setion 3 begins with a short review of [5℄ and[6℄. I should
mention here that these works are in turn based on earlier work on ux ompatiations suh
as [7℄[8℄[9℄[10℄[11℄[12℄[13℄[14℄[15℄ even though I do not use these diretly. Then I review some
of my own attempts [16℄[17℄[18℄[19℄ to understand the logial struture of these derivations.
It should be noted that these letures represent my personal view on these issues rather
than being a omprehensive review. While they ontain referenes to other work on these
matters the list is far from being omplete. The fous of these letures is on supergravity
and the derivations of moduli potentials. For omprehensive reviews of the subjet of ux
ompatiations as suh, the reader should onsult the reent reviews [20℄[21℄[22℄ [23℄.
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II. POTENTIAL FOR CHIRAL SCALARS IN N = 1 SUPERGRAVITY
String phenomenology is based on integrating out string states and Kaluza-Klein (KK)
modes to get an N = 1 supergravity (SUGRA). The standard argument in the ontext of
superstring theory (whih so far has only an on-shell S-matrix formulation)) is that one
needs to ompatify the extra six dimensions of string theory, on a manifold whih admits
one killing spinor. This ensures that the four dimensional theory has supersymmetri vaua.
The utuations around suh a vauum must neessarily be desribed by four dimensional
supergravity, and the requirement that there is one and only one killing spinor, guarantees
N = 1 four dimensional supersymmetry. One one has derived this SUGRA it is possible to
argue that the non-supersymmetri solutions (if they exist) are also (low energy) solutions
to string theory. This is the approah that is normally taken in string phenomenology and
that is what we will adopt.
We will only disuss N = 1 supersymmetry in these notes so from now on this should
understood. The notation and onventions are as in Wess and Bagger [1℄.
A. Global supersymmetry in Superspae
Global supersymmetry is dened by a Weyl spinor superharge Qα α = 1, 2 and its
omplex onjugate Q¯α˙ that transform bosons into fermions. The most onvenient formu-
lation of supersymmetry is in terms of superelds whih may be viewed as elds that live
in a spae (superspae) with superspae oordinate zM = {xm, θµ, θµ˙}with xm, m = 0, ..3
being the usual spae-time oordinates and θµ, µ = 1, 2 (and its omplex onjugate) be-
ing fermioni oordinates represented by Grassman numbers. The superharge is then
essentially a translation operator in the fermioni diretion Qα = ∂α − iσmαα˙θ¯α˙∂m (with
∂α = ∂/∂θα, ∂m = ∂/∂x
m
and σmare the Pauli matries for m = 1, 2, 3, and the unit matrix
for m = 0. The onjugate superharge is Q¯α˙ = −∂α˙ + iθασmαα˙∂m. The superharges satisfy
the algebra
{Qα, Q¯α˙} = 2iσmαα˙∂m (1)
{Qα, Qβ} = 0 {Q¯α˙, Q¯β˙} = 0 (2)
A general supereld has many terms and is a reduible representation of supersymmetry. The
simplest irreduible representation is the hiral salar supereld whih in a sense depends
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only on the thetas and not on their omplex onjugates. To make this statement in a
supersymmetri way we introdue the operator Dα = ∂α + iσ
m
αα˙θ¯
α˙∂α˙ suh that it and its
onjugate anti-ommute with all the super harges (and give another representation of the
superalgebra). Thus a hiral salar supereld Φ is dened by the onstraint
D¯α˙Φ = 0, (3)
whose solution is (in terms of a bosoni eld A(x) a fermioni eld ψα(x) and an auxiliary
(i.e. non-propagating) eld F (x) is,
Φ = A(y) +
√
2θαψα(y) + θ
αθαF (y)
where y = xm + iθσmθ¯. The onjugate of this hiral supereld would be anti-hiral. Note
that fermioni indies are raised and lowered with ǫαβ : ǫ21 = ǫ
12 = 1. Supersymmetry
transformations take A to ψ the latter to F . The highest omponent of a supereld (in this
ase F ) transforms into a total derivative. Also note that sine D3 = D¯3 = 0, the operator
(D¯2)D¯2 is a (anti-) hiral projetor.
The next simplest irreduible representation is the real supereld (V ) dened by
V = V †, giving components{c, χα, χ¯α˙,M,N, λα, λα˙, vm, D}. (4)
Note that the denition is ambiguous up to Kaehler gauge transformations
V → V + Λ + Λ† (5)
where Λ is a hiral supereld. Looking at the transformations of the omponents it is easy
to see that the rst ve omponents are gauge degrees of freedom. In a partiular gauge
whih still leaves the freedom to make the usual gauge transformations (the so-alled Wess-
Zumino (WZ) gauge) a real super eld has a fermion (so-alled gaugino) its onjugate, a
real vetor eld (these are physial propagating elds) and a salar auxiliary eld D. Again
the highest omponent, i.e. D, transforms into a total derivative. It is often onvenient to
redene omponents in terms of the Dα operator. Thus for a hiral supereld the salar the
fermion and the auxiliary F eld may be dened by,
A = Φ|, ψα = 1√
2
DαΦ|, F = −1
4
DαDαΦ| (6)
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where the vertial bar is an instrution to set θ = θ¯ = 0 after performing the op-
erations on the supereld. Also the D-term in a real eld would now be dened by
D = (−1
4
D¯α˙D¯
α˙)(−1
4
DαD
α)V |. The produt of two hiral superelds would also be hi-
ral while the produt of a hiral eld and its onjugate would be a real supereld. Note also
that under the spae-time integral sign,
∫
d2θ → −1
4
DαD
α, and
∫
d4θ ≡
∫
d2θd2θ¯ → 1
16
D¯2D2 (7)
We may now write the most general globally supersymmetri ation for hiral superelds
as
S =
∫
d4x
[∫
d4θK(Φ, Φ¯) +
(∫
d2θW (Φ) + h.c.
)]
(8)
In the above W the so-alled superpotential is a holomorphi funtion of Φ and so is a
hiral eld whilst K the so-alled Kaehler potential is a real supereld. For example W
ould be a polynomial in Φ while K = ΦΦ¯. The integrals over the thetas are essentially
instrutions to pik the D or the F terms of the orresponding integrals and sine these
transform into total derivatives the ation above is invariant under supertransformations.
Clearly in the above we may replae the supereld Φ by a set of superelds {Φi}.
The ation also has invariane under Kaehler transformations,
K(Φ, Φ¯)→ K(Φ, Φ¯) + Λ(Φ) + Λ¯(Φ¯), (9)
where Λ is an arbitrary hiral supereld.
Let us ompute the potential for salar elds from (8). Retaining just the salar ontri-
butions and using (7)(6) we have
∫
d4θK → Kij¯F iF j¯,
∫
d2θW → F iWi
∫
d2θ¯W¯ → F¯ i¯W¯i¯. (10)
Hene we have
−V = Kij¯F iF j¯ + F iWi + F¯ i¯W¯i¯, (11)
where Wi = ∂W/∂Φ
i
and Kij¯ = ∂i∂j¯K.
The auxiliary eld has an algebrai equation of motion - ∂V/∂F i = Kij¯F j¯ + Wi = 0.
Hene we may rewrite the potential as
V = Kij¯F iF¯ j¯ = Kij¯WiW¯j¯ (12)
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It is useful to note that the potential an be omputed either from evaluating just the
F-term in the ation (i.e. the
∫
d2θ term) or its onjugate, or the D-term (the
∫
d4θ term)
with reversed sign.
Let us now ompute the supereld equation of motion. To do this it is onvenient to use
the rst replaement in (7) to write the ation as
S =
∫
d4x
∫
d2θ[−1
4
D¯2K(Φ, Φ¯) +W (Φ)] +
∫
d2θ¯W¯ (Φ¯). (13)
When this ation is varied w.r.t. the hiral eld, the variation an be pulled through the
operator D¯, so that we immediately get the eld equation,
1
4
D¯2Ki = Wi (14)
whih may be rewritten as
1
4
Kij¯D¯
2Φ¯j¯ +
1
4
Kij¯ l¯D¯α˙Φ¯
j¯D¯α˙Φ¯l¯ =
∂W
∂Φi
(15)
The lowest omponent of this equation gives the auxiliarly eld equation F¯ j¯ = −K j¯iWi+
fermion terms. Operating on it one with D¯α˙ and then setting the thetas to zero gives the
fermion equation and doing this twie gives the bosoni equation
∂2Φ¯j¯ = K j¯i
D2
4
Wi + . . . = −K j¯iWilF l + . . . = K j¯i ∂V
∂Φi
+ . . . , (16)
where the ellipses represent terms whih are quadrati in the fermions and we've used
the identity
1
16
D2D¯2Φ¯ = ∂2Φ¯.
B. Supergravity in Superspae
The global SUSY ation is invariant under the onstant SUSY transformations
zM → zM − ξM , zM ≡ {xm, θµ, θµ˙} (17)
Loal SUSY transformations naturally lead to general oordinate transformations sine
the anti-ommutator of two superharges generate translations, whih in this ase beome
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general oordinate transformations. Thus the above transformations are replaed by the
following general oordinate transformations (GCT) in superspae:
xm → −i(θσmξ¯(x)− ξ(x)σmθ¯) (18)
θµ → θµ − ξµ(x), θ¯µ˙ → θ¯µ˙ − ξ¯µ˙(x) (19)
or zM → z′M − ξM(z).
We need to to introdue a set of frames with Lorentz superspae indies A = {a, α, α˙}[33℄
with the supervielbein one-form in superspae being written as
EA = dzMEAM(z); E
A
ME
N
A = δ
N
M ; E
M
A E
B
M = δ
B
A . (20)
These are taken to have the following transformation properties:
δξE
A
M = −ξN∂NE − (∂MξN)EAN (21)
under superspae GCT, and
δEAM = E
B
ML
A
B (z), whereL
A
B = {L ab , L αβ , Lβ˙α˙}
(with the dierent L's being matries in the Lorentz algebra in the vetor and Weyl (anti)
spinor representations. One may also dene a Lorentz onnetion one form
φ = dzMφM with φM = {φ AMB } (22)
whih transforms as
δφ = φL− Lφ− dL (23)
under Lorentz transformations. Also one denes a torsion supereld two-form by,
TA = ∇EA = dEA + EBφ AB =
1
2
dzMdzNT ANM =
1
2
ECEBT ABC . (24)
It is important to realize that torsion on superspae does not vanish even if the metri
is at. Thus in at spae we have the super-ovariant derivative with DA = e
N
A ∂N . The
inverse of the matrix denes the at spae vielbein one form by EA = eAMdz
M
with ema =
δma , e
m
α = iσ
m
αα˙θ¯
α˙ . . .. In at superspae there exist transformations to oordinates in whih
φ = 0 but torsion has non-vanishing omponents
T c
αβ˙
= T c
β˙α
= 2iσc
αβ˙
. (25)
7
As in ordinary dierential geometry here too one an dene a urvature two form by
R AB = dφ AB + φ CB ∧ φ AC (26)
Thus one needs to solve
∇∇EA = ∇TA = EBR AB (27)
subjet to torsion onstraints suh as (25) exept that (unlike in at spae) not all of the
other omponents vanish. The result is that the minimal number of independent omponents
of the supervielbein are
eam, ψ
α
m, ψ¯mα˙ ,M, ba = b¯a (28)
where the rst is the usual vielbein, the seond and third are the gravitino and its onjugate,
and the last two are a omplex salar auxiliary eld and a real vetor auxiliarly eld. In
addition it turns out that all omponents of the torsion and the urvature superelds an
be expressed in terms of three superelds
R, Gαα˙, Wαβγ (29)
(with the last being symmetri in its indies) subjet to onstraints suh as the ovariant
hirality onstraint
∇¯α˙R = 0. (30)
In SUGRA the hirality projetor D¯2 of global supersymmetry is replaed by
∇¯α˙∇¯α˙ − 8R. (31)
It turns out also that
R(z)| = −1
6
M(x) . . . ,∇α∇αR(z)| = 1
3
ema e
n
bR abmn (x) + . . . , , Ga(z)| = −
1
3
ba(x). (32)
C. General Matter SUGRA Ation
Now we an disuss the ation for supergravity oupled to hiral salar matter. It is useful
to rewrite the supervielbein Eamin terms of a real axial vetor eld supereld Hm, and a hiral
supereld ϕ (alled the hiral ompensator) whih satises the flat space hirality onstraint
D¯α˙ϕ = 0. It turns out that the graviton and the gravitino as well as the axial vetor auxiliary
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eld (in Wess-Zumino gauge) are ontained in Hm. Also the superdeterminant[34℄ of the
supervielbein may be written as
E ≡ sdetEAM = E(H)ϕ¯ϕ (33)
For any supereld L there is a useful identity that relates dierent expressions for super-
eld ations found in the literature,
−1
4
D¯2EL = ϕ3(−1
4
∇¯2 + 2R)L. (34)
Setting L = R−1we get sine ∇¯R = 0,
ϕ3 = −1
4
D¯2
E
2R
(35)
onsistent with the fat that the RHS is atspae hiral. Also setting L = W (Φ)/2R,
where W is a holomorphi funtion of the ovariantly hiral salar supereld Φ : ∇¯α˙Φ = 0,
we get
ϕ3W = −1
4
D¯2
E
2R
W (Φ). (36)
This identity gives us two equivalent ways of writing the SUGRA invariant term orre-
sponding to the superpotential term in (8)∫
d4xd4θ
E
2R
W (Φ) =
∫
d4xd2θϕ3W (Φ). (37)
The hiral density ϕ3 is a measure for integrating (over half of superspae) any hiral
term in the ation.
The general SUGRA - hiral salar ation an then be written as
S = − 3
κ2
∫
d8zE(H,ϕ)e−
κ2
3
K(Φ,Φ¯)
+
(∫
d6zϕ3W (Φ) + h.c.
)
(38)
In the above we've dened the superspae measures d8z ≡ d4xd4θ and d6z ≡ d4xd2θ and
κ2 ≡ 8πGN . Let us motivate this: First observe that in the at spae limit κ → 0, ϕ →
1, E→ 1, this redues to the globally supersymmetri ation (8). As in that ase W (Φ),
the superpotential, is a holomorphi funtion of the hiral superelds while K(Φ, Φ¯) is a real
supereld whih is a funtion of the hiral elds and the anti-hiral elds. Seondly let us
observe that the supereldbein determinant ontains the Einstein ation.
− 3
κ2
∫
d8zE = − 3
κ2
∫
d6zϕ32R =
2
κ2
∫
d4xeR + . . . (39)
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In the rst equality above we used the identity (34) with L = 1, and in the seond we've
used φ3| = e and −1
4
∇2R| = − 1
12
R where e = det[eam] and R is the Rii-salar (see (32)).
D. Weyl Invariant Formalism
Before we go on to disuss the potential is useful to onsider a slightly generalized formal-
ism where the Weyl invariane beomes manifest. We introdue a hiral salar[35℄ φ (with
∇¯α˙φ = 0). The ation (38) (we will set κ2 = 1 from now on) is generalized to
S = −3
∫
d8zEφφ¯e−K/3 +
(∫
d8z
E
2R
φ3W (Φ) + h.c.
)
= −3
∫
d6zϕ3(−1
4
∇¯2 + 2R)φφ¯e−K/3 +
(∫
d6zϕ3φ3W (Φ) + h.c.
)
(40)
This ation is invariant under Weyl transformations (with a Weyl transformation param-
eter hiral supereld τ : ∇¯α˙τ = 0) given below.
Φ→ Φ, φ→ e−2τφ, ϕ→ e2τϕ, EαM → e(2τ¯−τ)(EαM − . . .)
EaM → e(τ−τ¯)EaM , E→ e2(τ+τ¯ )τ ∇α → e(τ−2τ¯)(∇α − . . .) (41)
The omitted terms in the above are proportional to the ovariant spinor derivatives of τ .
These transformations are atually an invariane of the torsion and hirality onstrains
of minimal supergravity. The Weyl ompensator ensures that the ation is also invariant.
The ation is also invariant under Kaehler transformations
K → K + f((Φ, φ) + f¯(Φ¯, φ), W → e−f(Φ,φ)W, φ→ ef(Φ,φ)/3φ (42)
Note that unlike in the ase of global SUSY here the superpotential is not invariant under
Kaehler transformations. However the quantity
G = K + ln |W |2 (43)
is invariant and in fat Kaehler invariane implies that the ation is only dependent on this
Kaehler invariant ombination and not separately on K and W . It also means that only
the zeroes and singularities of W have an invariant signiane. Away from them it an be
transformed to unity.
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E. Calulating the Potential
To disuss the potential it is suient to look at onformally at metris gmn = σ
2ηmn.
This amounts to ignoring the ompliations oming from the elds Hm and therefore in
eet also replaing ∇α → Dα. In other words for the purpose of deriving the potential[36℄
one may just onsider the ation,
S = − 3
κ2
∫
d8zφ¯φe−
κ
3
K(Φ,Φ¯) +
(∫
d6zφ3W (Φ) + h.c.
)
(44)
Note that in the above we have hosen to x the Weyl gauge by putting ϕ = 1. Also Φ
represents a set of hiral salr superelds {Φi}. Alternatively we ould have hosen φ = 1 in
whih ase the above would have been rewritten in terms of ϕ. The Weyl invariane implies
that we an swith the one for the other. We an derive the equations of motion from this
ation following the same proedure as in the global SUSY ase (see disussion around (14,
15)). We get (after setting κ = 1)
− 1
4
D¯2(φ¯e−K/3) = φ2W (45)
−1
4
D¯2(φφ¯e−K/3Ki) = −φ3Wi. (46)
In the above the subsript i denotes dierentiation with respet to the ith hiral salar
eld Φi. Ignoring fermioni terms (DαΦ, Dαφ et) we get by taking the lowest omponents
of the above equations (with Fφ = −(1/4)D2φ et.)
F¯φ¯e
−K/3| − φ¯1
3
Ki¯F
i¯e−K/3| = φ2W | (47)
φ[−1
4
D¯2(φ¯e−K/3)]Ki|+ φφ¯e−K/3Kij¯F¯ j¯ = −φ3Wi. (48)
Solving for the two F-terms we have,
F¯φ¯ = e
K/3φ2W +
1
3
φ¯Ki¯F¯
i¯
(49)
F¯ j¯ = − φ
3
φφ¯
eK/3Kij¯DiW (50)
where we've dened the Kaehler ovariant derivative
DiW = Wi +KiW. (51)
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The potential may now be alulated from the superpotential term in the ation (44) -
see disussion around (12)
− V =
∫
d2θφ3W |boson = −1
4
D2(φ3W )|boson (52)
= 3φ2FφW + φ
3WiF
i. (53)
Using the expressions (49,50) we get
V = φ2φ¯2eK/3(Kij¯DiWDj¯W¯ − 3|W |2) (54)
This potential is not quite in the anonial form sine we are not in the Einstein frame.
Reall that the gravitational ation is hidden in the term
−3
∫
d8zφφ¯E(H)e−K/3 (55)
To get the anonial form of the Einstein ation (see 39) we need to hoose
φ| = φ¯| = eK/6|
Then we nally get
V = eK(Kij¯DiWDj¯W¯ − 3|W |2) (56)
This is the well-known F-term potential for hiral salars oupled to supergravity rst
derived in [24℄.
We may rewrite this in terms of the Kaehler invariant potential G as (43)
V = eG(Gij¯GiGj¯ − 3). (57)
F. Gauge Fields
Usually the Kaehler potential (metri) has isometries and if they are gauged we need to
inlude gauge elds in the theory. A spae-time dependent isometry of the Killing potential
(for the moment onsider just linear transformations) is represented on the hiral salars by
Φ→ eiΛΦ, Φ¯→ Φ¯e−iΛ¯, (58)
(where Λ is a hiral salar supereld) is gauged by introduing a real supereld V, V † = V,
whih transforms as follows.
eV → eiΛ¯eV e−iΛ (59)
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Note that in the above we've taken Φ to be a olumn matrix in some representation and
V a square matrix V = V aTa where Ta are the generators of the gauge group. Note that
we need two opies of the gauge group G → G × G, sine the gauge transformations are
represented by a hiral supereld. As in the Abelian ase one an go to the Wess-Zumino
gauge in whih
V = {Am, λα, D}, V 3 = 0. (60)
Here Amis the usual gauge eld, λ is its fermioni partner the gaugino and D is an
auxiliary eld. Observe that under gauge transformations
Φ¯eV → Φ¯eV e−iΛ, (61)
so that invariants are onstruted out of Φ and Φ¯eV . Thus for instane the globally gauge
invariant Kaehler potential Φ¯Φ is to be replaed by Φ¯eVΦ. In general we replae
K(Φ, Φ¯)→ K(Φ, Φ¯eV ). (62)
The gauge eld strength is given by a hiral supereld
Wα = −(1
4
∇¯2 − 2R)e−V∇αeV =WaαTa (63)
(note that the rst fator is the hiral projetor) whose omponents in the WZ gauge are
Wα = {λα, Fmn, D}. The kineti terms for the gauge elds may then be written as
∫
d4xd4θ
E
2R
(
1
4
fabWaαWbα + h.c.), (64)
where in general the gauge oupling funtion fab, an invariant tensor of the gauge group,
may be a funtion of the hiral elds whih are neutral under the group. The bosoni part
of this ation ontains the usual gauge eld kineti term as well as the axion oupling term,
−1
4
∫
d4x
√
g(ℜfabF amnF bmn −
1
2
ℑfabǫmnpqF amnF bpq)
Note that with the Weyl transformation rule V → V whih impliesW → e−3τW , the ation
(64) is Weyl invariant without any Weyl ompensator fator.
To derive the equations of motion for the gauge eld from (64) we use the following trik
(for simpliity we'll just onsider the global SUSY ase). Dene ∆V ≡ e−V δeV = δV + ... =
13
∆V aT a and the gauge ovariant derivative ∇α ≡ e−VDαeV . Then
δV
1
2
∫
d6zfabWαaWbα =
∫
d6zfabδV tr(T
ae−VDαeV )Wbα
=
∫
d6zfabtr(T
a[e−VDαeV ,∆V ]Wbα
=
∫
d6zfab(∇α∆V )aWbα = −
∫
d6z∆V a∇α(fabWαb),
giving the ontribution ∇α(fabWαb) to the gauge eld EOM. Also note that under an in-
nitesimal gauge transformation, ∆ΛV = −iΛ + ie−V Λ¯eV ≡ −iΛ + iΛ˜.
Now we are in a position to evaluate the D-term ontribution to the potential for hiral
salars. As before in evaluating the potential ontributions we ignore urvature terms and
Lorentz onnetion terms. We make the Kaehler potential term gauge invariant by writing
K(Φ, Φ¯)→ K(Φ, Φ¯eV ) + ξtrV ), where we've also added a Fayet-Illiopoulos (FI) term when
the gauge group ontains a U((1) generator. So the equations of motion for the auxiliary
elds and hene the potential an be derived from
S = −3
∫
d8zφ¯φe−
1
3
(K(Φ,Φ¯eV )+ξtrV ) + {
∫
d6z(φ3W + fabWaWb + h.c.} (65)
The invariane of K gives,
(iΛ− iΛ˜)δK
δV
+ ΛakiaKi + Λ˜
aki¯aKi¯ = 0
where ka is the Killing vetor orresponding to the gauge generator with label a. From
this we have the relation
δK
δV a
= ikiaKi (66)
Under the gauge transformation the FI term transforms ξtrV → ξtrV + ξtr(iΛ− iΛ¯). To
make the ation invariant we need to have the hiral ompensator eld also transform under
U(1) gauge transformations as φ→ eitrΛ ξ3φ. Then in order to keep the superpotential term
invariant we need
δ(φ3W ) = 3iΛatrT a
ξ
3
φ3W + φ3Λakia∂iW = 0
giving us the useful relation
kia∂iW = −iξtrT aW (67)
It is onvenient to redene φ→ φ/W 1/3and eliminate the superpotential from the ation
(65) whih is now rewritten with K → G = K + ln |W |2 and W → 1. Then we have the
following equations of motion.
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−1
4
D¯2(φ¯e−G˜/3) = φ2
−φφ¯e−G˜/3 1
4
∇¯2Gi = −φ3Gi − 1
4
fab,i(Φ)WαaWbα
−φφ¯e−G˜/3ikiaGi +
1
2
∇α(fabWbα) +
1
2
∇¯α˙(f¯abWbα˙) = 0
In the above we have ignored fermioni terms and used (66) with K → G. Also in
getting the the seond equation we used the rst. The third equation gives the D-term
(Da = 1
2
∇αWα|)
2ℜfabDb = φφ¯e−G˜/3|ikaiGi|
Choosing the Einstein frame (see disussion after (55)) φ| = φ¯| = eG˜/6| = eG/6| (the last
is valid in WZ gauge) we nally have,
2ℜfabDb = ikaiGi| = ikaiDiW
W
| = ikaiKi + ξtrT a (68)
where in the last equality we've used the relation (67). The last form of the D-term is
the more familiar one and may be used whether or not W is zero. However the penultimate
form shows that at minima where the F-terms DiW are zero with (W 6= 0) i.e. at a generi
supersymmeri AdS minimum, the D-term is also zero. In other words suh a minimum
annot be lifted by D-terms even with an FI term.
Now we are in a position to alulate the additional ontribution to the potential from
the gauge theory D-terms. These are
−
∫
d2θ
1
4
fabWaαWbα|scalar + h.c. =
1
2
ℜfab(Φ)|DaDb
Thus the omplete potential for hiral salars oupled to gauge elds and supergravity is
V = eK(Kij¯DiWDj¯W¯ − 3|W |2) + 12ℜfab(Φ)|D
aDb (69)
with the D-term given by (68). This is the most important formula in string (and SUGRA)
phenomenology.
G. Quantum eets and the non-perturbative superpotential
At the quantum level the Weyl transformations disussed in subsetion (IID) are anoma-
lous. The origin of the anomaly is the same one-loop eet that auses hiral gauge trans-
formations to be anomalous. In fat the Weyl transformations inlude an R-transformation.
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For putting τ(x, θ) = iν we see from (41) that the hiral fermions transform as
ψα → e3iνψα, λα → e−3iνλα,
where ψ is the fermion in the hiral salar supereld and λ is the gaugino. The anomaly
an be thought of as arising from the non-invariane of the funtional integral measure
(following Fujikawa's argument) and by supersymmetrizing the usual (ABJ) expression we
have (note that by abuse of notation we are now labeling the gauge groups by a rather than
the generators of a given group - the trae over eah gauge group is being suppressed)
[dΦ][dΦ¯][dV ]→ eiν 3ca16pi2
∫
d8z E
2R
(WαaWaα+h.c.)[dΦ][dΦ¯][dV ]. (70)
The anomaly oeient is given by
ca = T (Ga)−
∑
r
nrTa(r) (71)
where Ta(r) = trr(T
2
a ) for a representation r of the gauge group Ga, and r = Ga means
that the orresponding trae is evaluated in the adjoint representation. Note that by the
standard Adler-Bardeen argument this anomaly is exat.
This anomaly needs to be anelled sine it is atually an anomaly in a loal (super) Weyl
symmetry whih furthermore is neessary to obtain Einstein gravity. This an be done by
modifying the gauge oupling funtion in the following manner [3℄:
fa(Φ)→ fa(Φ, φ) = fa(Φ)− 3ca
8π2
lnφ. (72)
The anellation of the anomalous transformation of the measure then follows from the Weyl
transformation φ→ e−2τφ of the Weyl ompensator.
If one of the gauge groups that ontributes to this anomaly is onning (exhibits gaugino
ondensation and develops a mass gap as in QCD) then this quantum anomaly atually
results in a non-perturbative addition to the lassial superpotential [25℄ (the present ar-
gument is a simplied version of one given in [4℄). Non-renormalization theorems imply
that the lassial superpotential is not orreted in perturbation theory but there is no suh
restrition non-perturbatively.
Suppose the non-perturbatively generated sale of the onning gauge group is Λ. Then
one expets the gauginos to ondense with < λλ¯ >∼ Λ3 ∼M3e−1/g2YM (M) and all elds that
are harged under the gauge group to aquire masses of O(Λ). In this ase for energies
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E ≪ Λ we may integrate out this gauge theory giving an eetive ontribution to the low
energy ation of the form,
e−Γ(Φ,φ) =
∫
[dV ] exp
{
−1
4
∫
[fa(Φ)− 3ca
8π2
lnφ]WaαWaα + h.c.
}
(73)
(Note that here the hiral elds Φ are neutral under the group - elds whih are harged are
integrated out). However (super) Weyl invariane tells us that the superpotential term in
ation must ome multiplied by a fator of φ3. The above then tells us that the superpotential
term in Γ must be of the form
φ3Wnp = waφ
3e−
8pi2
ca
fa(Φ).
If there are several gauge groups that develop a mass gap then (below the lowest suh
sale) there will be a sum of suh terms - one for eah gauge group.
Also sine the Kaehler potential in the ation ours with the Weyl ompensator in the
ombination φφ¯e−K/3 the anomaly aneling term also generates a orretion to the Kaehler
potential so that the total Kaehler potential is given by the equation
e−K/3 = e−Kp/3 + e−Knp/3,
where exp(−Knp/3) = ka exp{−8pi23ca (fa(Φ) + f¯a(Φ¯)} and Kp is the perturbatively orreted
lassial Kaehler potential. Of ourse sine, unlike the superpotential, the Kaehler potential
gets orreted in perturbation theory, these NP terms are less important.
III. POTENTIAL FOR MODULI IN IIB STRING THEORY
A. Classial equations and the ux potential
We will now disuss the derivation of the eetive potential for the dilaton and the
omplex struture moduli in type IIB string theory ompatied on Calabi-Yau (CY) orien-
tifolds. We start with the (bosoni part of the) ten dimensional IIB ation (in other words
we are in the supergravity approximation i.e. at energy sales whih are muh less than the
string sale (E ≪Ms = 1/2πα′). The ation is (putting 2κ210 = 1)
S =
∫
d10x
√
g{R− 1
2τ 2I
∂Mτ∂
M τ¯ − 1
2.3!
1
τI
GMNP G¯
MNP
− 1
4.5!
F˜MNPQRF˜
MNPQR}+ 1
4i
∫
1
τI
C4 ∧G3 ∧ G¯3 (74)
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Here we have put
τ = C0 + ie
−φ, G3 = F3 − τH3, F3 = dC2, H3 = dB2 (75)
F˜5 = F5 − 1
2
C2 ∧H3 +12B2 ∧ F3, F5 = dC4 (76)
In the above the numerial index denotes the rank of the orresponding form, φ is the
dilaton (not to be onfused with the eld introdued in the last setion) Ci is a RR potential
of rank i and B2 is the NSNS potential.
Now we need to ompatify this theory to four dimensions. For phenomenologial reasons
it is desirable that the four dimensional theory is N = 1 SUGRA. Sine IIB has 32 super-
symmetries ompatiation on a Calabi-Yau gives eight supersymmetries (i.e. N = 2) in
four dimensions but if we orientifold, we an redue this to N = 1. However it will turn out
that tadpole anellations (i.e. satisfation of Gauss' law onstraints) will require the addi-
tion of D-branes and or uxes in the internal diretions. We will not get into the details here
but it turns out that with a partiular orientifold projetion we will end up with orientifold
three-planes and D3 and D7 branes (whih atually is a limit of an F-theory onstrution).
For the moment let us fous on just the three brane ation whose leading terms take the
form
Sloc =
∑
i
(−T3
∫
i
d4x
√
g(4) + µ3
∫
i
C4) (77)
This is an ation that is loalized at a set points i on the CY orientifold X where the D-
branes (orientifolds) are loated. The equations of motion/Bianhi identities oming from
the total ation S + Sloc are,
RMN − 1
2
gMNR =
1
2
TMN
d
∗(G3 + G¯3)
2τI
+H3 ∧ F˜5 = 0
d
∗(τG¯3 + τ¯G3)
2τI
+ F3 ∧ F˜5 = 0
dF˜5 = H3 ∧ F3 −
∑
i
µ3δ
i
6
∗F˜5 = F˜5
In the above δi6 is a delta funtion on X loalized at the point i where a brane/orientifold
plane is loated and the last is the self-duality ondition for the ve form whih is imposed
by hand as usual.
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Now we need to do a Kaluza-Klein redution of these equations to derive the eetive four
dimensional equations from these ten dimensional equations, when as we disussed above
six of the dimensions are ompatied on a Calabi-Yau orientifold X. This is unfortunately
not as straightforward as one might think. The problem is that a simple trunation leads
to inonsistenies.
One may try to derive the four dimensional eetive ation by introduing the metri
ansatz
ds2 = e2ω(y)−6u(x)g˜µν(x)dx
µdxν + e−2ω(y)+2u(x)g˜mn(x, y)dy
mdyn (78)
with ∂µ det g˜mn = 0. The oordinates x
µ
are taken over the four dimensional spae so
that g˜µν is the metri measured in our observed world, while y
m
are the oordinates on the
ompat spae X . For simpliity let us assume that the number of Kaehler struture moduli
in X is just one (h11 = 1) but we shall keep the number of omplex struture moduli h21
arbitrary. The Kaehler deformation (whih is thus just the volume modulus orresponding
to hanges in the overall size of X) is given by the fator e2u. In fat we may normalize
the internal metri by putting
∫
X
e−2ω
√
det g˜mn =1 so that the physial volume of X is
e6u. The fator e−6u in the rst term is then introdued in order to ensure that g˜µν is the
four-dimensional Einstein metri.
The eetive potential was derived in [5℄ by reduing the ten D ation using the stati
version of this ansatz (i.e with ∂µu = 0 and ∂µgmn = 0 and setting the warp fator e
2ω(y) = α).
Thus the expression (the tilde denotes the use of the metri g˜ in the inner produt)
V =
∫
d6y
√
g˜(6)
e4ω−12u
24τI
˜|iG3 − ∗6G3|2 (79)
was obtained. However, exept at the minimum of the potential the stati ansatz annot
really be used and immediately leads to the no-go theorem forbidding positive potentials
[26℄[27℄[28℄. The resolution, as pointed out in [16℄, is to inlude time dependene of the
volume modulus u(x). Furthermore in the presene of uxes and D-branes/orientifolds, the
warp fator is neessarily non-trivial, as an be seen from the internal omponents of the
Einstein equation, and it was shown in [16℄ that a onsistent derivation was not possible
without inluding all the Kaluza-Klein (KK) modes, inluding non-diagonal terms in (78).
In fat it was argued that the full ten-dimensional equations with time dependent moduli
(and exept at the minimum of the potential the moduli are neessarily time-dependent)
and non-trivial warp fator, imply that the metri ansatz (78) is invalid. In other words the
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eetive potential (79) would have additional terms involving KK modes and the derivatives
of the warp fator.
If we ignore these issues (for progress towards resolving them see [29℄) then the above
potential an be written in the N = 1 SUGRA form. The superpotential is of the form
proposed in [13℄ (see also [12℄)
W = Wflux ≡
∫
Ω ∧G3.
Here Ω is the holomorphi three form on X . Wflux depends impliitly on the omplex
struture moduli zi (through Ω) and the dilaton S ≡ iτ . However it is important to note that
it is independent of the Kahler modulus T (with ℜT = e4u). Non-renormalization theorems
for the superpotential then imply that this remains true to all orders in perturbation theory.
K = − ln(S + S¯)− 3 ln(T + T¯ ) + k(zi, z¯j¯). (80)
This leads to a no sale potential for S, zi [5℄
V = eK(DSWDS¯W¯K
SS¯ +DzWDz¯W¯K
zz¯) ≥ 0.
This has a minimum at
DSW = ∂SW +KSW = 0, DzW = ∂zW +KzW = 0 (81)
However generiallyFT = DTW0 = −3 W0T+T¯ 6= 0. So SUSY is broken in general but the
potential at the minimum V0 = 0. However T ( and so the overall size of the internal
manifold) is unxed - hene the name no-sale. This is of ourse unaeptable sine we need
to get rid of all Brans-Dike salars.
B. Non-perurbative terms and the KKLT potential
A proposal to x T was given by Kahru et al [6℄ KKLT. Let us disuss this.
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The no-sale feature arises from the fat that the superpotential is independent of the
Kaehler modulus T . By standard non-renormalization theorems the superpotential does not
get orreted in perturbation theory. However there an be non-perturbative terms. There
are two soures for suh terms in the present ontext.
a) A onning gauge theory on a stak ofD7 branes wrapping wrapping a 4-yle in X .
b) String instanton eets.
In ase a) one an see from examining the DBI ation for a stak of D7-branes that the
gauge theory has a gauge oupling funtion f (see subsetion (II F) that is proportional
to ℜT . The latter omes from the volume of the 4-yle whih is simply given in terms
of ℜT sine we only have one Kaehler modulus. It should also be observed that in the
Einstein frame there is no additional modulus dependene of f at the lassial level. By the
arguments of subsetion (IIG) we then get an additional term in the superpotential so that
the total superpotential beomes
W = Wflux + Ce
−aT , (82)
where C, a are onstants that depend on the partiular D-brane onguration. A similar
term arises from mehanism b). In either ase a non-vanishing pre-fator C requires that
the onguration generating it have two fermioni zero modes orresponding to the d2θ
integration of a superpotential term.
KKLT proeed to disuss the physis of the potential that is generated from this by
resorting to a two stage argument. First ignore the NP term and solve for S, z by imposing
(81). This results in a onstant superpotential W0 whih is simply Wflux evaluated at the
solution to (81). Now add the NP term. Then we have a potential for the single (omplex)
modulus T with the Kahler potential given by the seond term of (80) (up to a onstant)
and the superpotential by (82) with Wflux →W0. The resulting potential just has one AdS
SUSY min. with FT = ∂TW −3 WT+T¯ = 0 and V0 = −3|W |2/(T + T¯ )3. The self-onsisteny of
the argument requires that the value at whih the stabilization ours is suh that ℜT >> 1
aℜT >> 1. The rst of these omes from the fat that sine our starting point is the
ten dimensional supergravity we are eetively assuming that the Kaluza-Klein mass sale
(proportional to T−1/4) is small ompared to the string sale. The seond omes from the
fat that the NP term is just the leading term in an expansion (an instanton sum) whih is
only valid only if this is satised. Then the stabilization ondition requires that W0 << 1.
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Generially of ourseW0 is of order unity, but given a suient number of uxes it is possible
that there would be ongurations where this is satised.
To get a SUSY breaking dS minimum KKLT add a D¯3 term to the SUGRA potential to
get a potential
V = Vsugra +
d
(ReT )3
.
This proedure is rather ad ho! The Dbar branes break SUSY at string sale (there would
be tower of string states assoiated with it whih break the opposite half of supersymmetry
to the D-brane/orientifold system). Thus it is unlear how one an use the four dimensional
N = 1 SUGRA formalism at all. A rigorous derivation would require that we try to repeat
the arguments of GKP in the presene of the Dbar branes. Given that we already had
problems of deoupling KK modes even in the ase with more ontrol it seems unlikely that
one ould nd a rigorous derivation of suh a potential with SUSY broken already at the
ten-dimensional level. In fat even if the naive trunation is done we would have ended up
with a runaway potential for T at the rst stage of the KKLT argument!
Can the Dbar term be interpreted as a D term in N=1 SUGRA? This is unlear but even
if this is true, there is no uplift of a F-term supersymmeri AdS vauum. As we disussed in
subsetion (II F) the F and D terms are related (when the superpotential is non-vanishing)
by
fabD
b =
ikiaDiW
W
So for an F-term supersymmetri minimum whih is AdS i.e. DiW = 0, W 6= 0, the
D-term also vanishes so that it annot be used to uplift the potential [37℄. One might
ask however whether by inluding more NP terms in the superpotential one an get a dS
minimum by F-terms alone. Within the ontext of the two stage proedure this is impossible
though it an be done if at least two light moduli are inluded[30℄.
However one should ask whether this two step proedure is justied - even assuming large
masses for S,z? The full superpotential is given by (82) and it is lear that even if one is
justied in assuming that for some range of values of T the masses of S and z are heavy it is
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lear that the equations for integrating out these elds will not set them to be onstant but
to be funtions of T . Thus the orret proedure would yield a potential that is muh more
ompliated than what one obtains in the two stage alulation where the heavy elds
have been set to onstants. There is in fat no approximation sheme in whih the two stage
proedure is justied. However we will nd that assuming there are ux ongurations suh
that MS,Mz ∼ MKK so that we an integrate out S, z, it is possible to avoid the ad ho
uplifting proedure.
C. Integrating out in SUSY and SUGRA
Before we disuss the KKLT potential however it is worthwhile disussing the general
proedure of (lassially) integrating out elds in eld theory. There does not seem to
be muh disussion of these issues in the ase of supersymmetri (espeially supergravity)
theories so it is perhaps worthwhile going through this exerise in some detail.
Suppose the potential of a salar eld theory with a heavy (Φ) and a light (φ) eld is
V (Φ, φ) =
1
2
M2Φ2 + V˜ (Φ, φ)
Solving the equation of motion (EOM) for Φ we get
Φ =
1
−M2
∂V˜
∂Φ
= − 1
M2
∂V˜
∂Φ
+
1
M2
O(

M2
∂V˜
∂Φ
).
So up to terms O(E/M) Φ solves
∂V
∂Φ
= 0
The eetive potential for light elds is then
V (Φ(φ), φ).
Now let us look at a SUSY (global) theory:
S =
∫
d4xd4θΦ¯iΦi + (
∫
d4xd2θW (Φi) + c.c.).
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with supereld EOM
−1
4
D¯2Φ¯i +
∂W
∂Φi
= 0.
Let i = H for heavy and i = l, l′ for light elds. The standard argument for integrating out
ΦH is that one should use
∂W
∂ΦH
= 0. (83)
However this ondition is valid only under ertain restritions. Consider the following su-
perpotential
W (ΦH ,Φl) =
1
2
MΦH2 + W˜ (ΦH ,Φl).
Solving the E of M for heavy eld:
ΦH =
1
−M2 (M
∂W˜
∂ΦH
+
D¯2
4
∂ ¯˜W
∂Φ¯H
)
Expand in powers of /M2 as before to get,
∂W
∂ΦH
= − D¯
2
4M
∂ ¯˜W
∂Φ¯H
+O(

M2
). (84)
So we see that when W˜ 6= 0, to get the usual ondition (83) we need in addition to
E2
M2
<< 1, also |Φl| << M .
Let us illustrate this with a simple example having one heavy H and one light eld L.
∫
d4θ(H¯H + L¯L) +
[∫
d2θ
1
2
(MH2 +HL2) + c.c.
]
The potential is easily worked out giving,
−V = F¯F + f¯f + 1
2
(Fa2 + F¯ a¯2) + (Aaf + A¯a¯f¯)
+ M(AF + A¯F¯ )
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Ignoring fermions let us put H = (A, F ), l = (a, f).
The heavy eqns. are
−A¯ = MF + af
F¯ = −a
2
2
−MA
Plug these solution for F into V ignoring O(/M2) to get
−V = f¯f(1 + a¯a
M2
)− 1
2M
(fa3 + f¯ a¯3).
Eliminating the light auxiliary eld using its equation of motion,
V =
|a|6
4M2
(1 +
|a|2
M2
)−1.
If ∂W/∂H = 0 had been used the term |a|2/M2 would not be obtained.
So the usual ondition is valid for
|a|2
M2
<< 1.
What is the orresponding ondition in SUGRA?
We expet (83) to be replaed by
DHW = ∂HW +
1
M2p
W∂HK = 0. (85)
Using the at spae hiral ompensator formalism of GGRS [2℄ we have (with M2p = 1)
S = −3
∫
d4xd4θφ¯φe−K/3 + (
∫
d4xd2θφ3W + h.c.) (86)
Take
K = HH +K l(L, L), (87)
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with a superpotential
W =
1
2
MH2 + W˜ (H,L), (88)
We need to solve heavy eld equation ignoring O(E2/M2) terms. Eetively this amounts
to putting H = 0. So we get
D2(eK/3M
2
pφ2)DHW+ 4Me
2K/M2pφ2φ¯2(1 + H¯H
M2p
)DH¯W¯
= −eK/3M2pφ2D2DHW˜
+O(DαH) (89)
Note that the global limit Mp → ∞, φ → 1 gives the previous result (84). As in that
ase here too we an ignore the rst term in the RHS for |L| << M . But what about the
fermioni terms? It turns out that DHW = 0 is a suient ondition. Spinor derivation
of this ondition gives WDα˙H=0 and so at generi points in eld spae the fermion terms
vanish. However the ondition DHW = 0 is not a neessary one - in fat it is too strong and
we annot ignore the fermion terms (even for L << M). To see this take
K = Kh(H,H) +K l(L, L)
The ondition (85) is
∂HW + ∂HK
hW = 0 (90)
This is not a hiral eqn. Take the anti-hiral derivative to get
WKhHH¯Dα˙H¯ = 0 (91)
Suppose (90) is solved by H = H(L, L¯). From hirality of H,L and (91),
D¯α˙H = ∂H
∂L
D¯α˙L+ ∂H
∂L¯
D¯α˙L¯ = ∂H
∂L¯
D¯α˙L¯ = 0.
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DαH = ∂H
∂L
DαL+ ∂H
∂L¯
DαL¯ = ∂H
∂L
DαL = 0
This implies that there are no fermions in the light eld theory! The lesson is that
DHW = 0 an be imposed for omputing salar potential (for L << M) but should not be
used as a supereld relation, sine in that ase we would need to keep the fermion squared
terms in (89).
Note that even with L << M < Mp, non-trivial SUGRA terms will be present sine
W (L.L¯) = W0 + ....
with W0 ∼ O(Mp) in typial situations so SUGRA orretions to global SUSY
KLW/M
2
p , |W |2/M2p are not neessarily negligible!
D. String theory potentials for light moduli
Let us now get bak to string theory eetive potentials. First onsider a simple model
where the ompat dimensions are taken to be on a rigid CY manifold. This means we just
have the Kaehler modulus that orresponds to hanging the overall size of the manifold.
This then gives a model with just S and T .
The lassial Kaehler potential is
K = − ln(S + S¯)− 3 ln(T + T¯ )
The superpotential oming from uxes and a NP term is
W = A+ SB + Ce−aT
Assume that the uxes are suh that S is heavy so we may integrate it out using
DSW = B − A+ SB + Ce
−aT
S + S¯
= 0.
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This is solved by
S¯ = (A+ Ce−aT )/B
This equation is not holomorphi! This is not neessarily a problem sine the SUGRA
ation is determined by the Kaehler invariant ombination
G = K(Φ, Φ¯) + lnW (Φ) + ln W¯ (Φ¯).
After using the solution for S we get an eetive potential for T that is determined by
G = − ln((A+ Ce
−aT )
B
+
(A¯+ C¯e−aT¯ )
B¯
)− 3 ln(T + T¯ )
+ ln(A +B
(A¯+ C¯e−aT¯ )
B¯
+ Ce−aT ) + c.c.).
On the other hand if the KKLT two stage proess is used, S = A/B, so that
G = −3 ln(T + T¯ ) + (ln(A+B A¯
B¯
+ Ce−aT ) + c.c.)
The problem is that the missing NP terms, for example the term
B
B¯
C¯e−aT¯
is of the same magnitude as the ones that are being kept! Note that this alulation would
still be valid when there is more than one Kaehler modulus (but keeping h21 = 0) with the
replaement Ce−aT →∑i Cie−aiTi.
This model atually has no minima in S, T spae as shown in [31℄. The SUSY extremum
at DSW = DTW=0 is a saddle point. Of ourse sine we have AdS supersymmetry that's
OK! But obviously it annot even be uplifted by D¯ terms to get a phenomenologially
viablemodel.
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Let us now onsider models with omplex struture moduli zi but with just one Kaehler
modulus:
K = − ln(S + S¯)− 3 ln(T + T¯ ) + k(zi, z¯j¯)
W = A(zi) + SB(zi) + Ce−aT .
As before, the rst two terms inW give the ux superpotential and the third term is oming
from NP eets. The Kaehler derivatives are
DTW = −aCe−aT − 3
T + T¯
W,
DSW = B − W
S + S¯
,
DiW = ∂iA+ S∂iB + ∂ikW.
Let us assume that the zi are heavy and integrate them out using DiW = 0. Now unlike
in the previous ase we annot solve this expliitly but it is easy to show that there is no
holomorphi solution ontrary to laims in the literature.
Suppose now that there is a holomorphi solution. So
W = Weff + Ce
−aT ,
with
Weff = A(z
i(S, T )) +B(zi(S, T ))S,
and
K = − ln(S + S¯)− 3 ln(T + T¯ ) + k(z(S, T ), z¯(S¯, T¯ )).
The eqn to be solved is
DiW = ∂iA(z
i) + S∂iB(z
i) +W (S, T, zi)ki = 0. (92)
The assumption is that this is solved by zi = zi(S, T ). Dierentiate (92) w.r.t. S¯;
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W (S, T, zi(S, T ))ki,j¯
∂z¯j¯
∂S¯
= 0.
At generi points W 6= 0 and kij¯ is non-degenerate.
So
∂zi
∂S
= 0
Similarly we get
∂zi
∂T
= 0. But this obviously annot be the ase so we onlude that
the zi annot be holomorphi funtions of S,T. So we expet a solution of the form zi =
zi(S, T, S¯,T¯ ).
As in the simple ase (with no z) that we solved expliitly, we need to ompute V from
G = K = − ln(S + S¯)− 3 ln(T + T¯ )
+ k(z(S, T, S¯, T¯ ), z¯(S¯, T¯ , S, T ))
+ ln |W (S, T, z(S, T, S¯, T¯ ))|2
Sine it is hard to deal with two omplex variables let us assume that S is heavy as well
for some hoie of uxes. i.e put DSW = 0 so that
zi = zi(T, T¯ ) andS = S(T, T¯ ).
Let us assume that there is a power series solution, valid for aℜT >> 1.
S = α + βCe−aT + γC¯e−aT¯ + ...
zi = αi + βiCe−aT + γiC¯e−aT¯ + ...
where α, ...γi are funtions of ux integers. Then
G = ln(v + bCe−aT + b¯C¯e−aT¯ + cC2e−2aT + c¯C¯2e−2aT¯
+d|C|2e−a(T+T¯ ) + ...)− 3 ln(T + T¯ ),
30
and the potential beomes
V = 1
(T + T¯ )2
[a(bCe−aT + 2cC2e−2aT + c.c.)
+ a|C|2((4a|b|
2
v
− 3ad)T + T¯
3
+ 2d)e−a(T+T¯ )].
This diers from a two stage alulation by terms suh as
2cC2e−2aT + c.c.
whih are obviously of the same magnitude as terms whih are kept. Note that even in
the real diretion this potential has more parameters than in the two stage proess. The
reason is that in the latter all the ux parameters are subsumed into W0.
With the two stage version we an show that there are no dS minima even with multiple
ondensate terms.[30℄. The above on the other hand an have positive minima!
An expliit example is the following
Potential Near Positive Minimum
116.5
116.75
117
117.25
117.5
Re T -1
0
1
Im T
0
1·10-12
2·10-12
3·10-12
V
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We hoose the following parameters:
a =
2π
320
v = 0.22941751641574312 b = 1
c = −1.4097828718993035
d = 15.786002156414208
This then has a loal minimum at ℜTmin = 117.138, ℑT = 0, Vmin = 10−15. The example
is of ourse somewhat artiial and ertainly does not give a viable phenomenology. What it
does demonstrate is that the uplift terms of KKLT are not really essential. Finding a viable
model without them however might be a hallenge! Of ourse in any ase it is not really
neessary to get dS minima at the lassial level - quantum ontributions from integrating
out high frequeny modes from the string sale down to osmologial sales, together with
ontributions from the standard model and QCD phase transitions ould well lift a ADS
vauum whose CC is not too large (i.e. of the order of the standard model sale).
E. Conlusions
In this setion we argued that in SUSY theories imposing ∂HW = 0 to integrate out a
heavy eld H is valid if the light eld spae is restrited to |L| << M . In SUGRA the
orresponding equation is DHW = 0, but it has to be used with aution - in partiular it is
not valid as an equation for superelds, but it is valid subjet to the same restritions as in
the SUSY ase, for the purpose of alulating the potential.
In applying this to potentials arising from ux ompatiations orreted by non-
perturbative terms, in order to derive an eetive potential for a light Kaehler modulus
we found that the orret proedure leads to a more ompliated potential than what one
gets if one followed the two stage proedure of KKLT. The additional terms are of the same
magnitude as the terms whih kept in the two stage proedure. It was argued that these may
lead to phenomenologially viable models for ination without the need for ad ho uplifting
terms.
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